I. INTRODUCTION
For certain materials and processes, plasma-assisted atomic layer deposition (ALD) allows for an increased level of freedom in processing conditions and material properties. This is facilitated by the reactive species generated in the plasma and present during the deposition process. 1 These species include radicals, electrons, ions, and photons. The extent to which ions can contribute to the ALD process depends on their energy and flux, parameters that can be controlled by many variables including the plasma gas mixture, the gas pressure, the power coupled in to the plasma, the reactor design, the type of plasma source, and the possible presence of substrate biasing. [1] [2] [3] [4] [5] A number of ion-induced effects have been reported, which may also be relevant for plasma-assisted ALD. One of those is adatom migration, which is known to enhance (initial) film nucleation. [6] [7] [8] In the case of ALD, nucleation delays may be reduced, and for polycrystalline films, the crystallinity may be enhanced when adatom migration is promoted. Another ion-induced effect is the desorption of surface species, 7 which can possibly assist ligand-desorption during the second half-cycle of an ALD process. Subplantation (i.e., subsurface-implantation) is another process which may take place, during which the top few monolayers of the ALD film or the substrate are modified by shallow implantation effects. 6, 7 Consequently, the physical or chemical properties of thin films can be affected, which potentially results in a higher film density or the promotion of crystallization of the films at relatively low deposition temperatures. 7, 8 It has furthermore been reported that energetic ions can induce or enhance compressive film stress by the subplantation of energetic ions. 6, 9 In our recent work, we discussed that during remoteplasma ALD, the energies and fluxes of the ions are typically sufficiently high to play a role during the deposition process, e.g., by stimulating ligand-removal and enhancing adatom migration. 2 In a follow-up paper, the successful implementation of substrate biasing in a remote plasma ALD reactor was reported, which allows for controlling of the average ion energy. 10 Accordingly, it was demonstrated that the crystalline phase of TiO 2 films can be tailored from anatase to rutile by varying the substrate bias voltage from 0 to À200 V. Also the concentration of hydroxyl groups in the TiO 2 films was shown to be affected by substrate biasing. Moreover, in an independent study, the effects of higher radical and ion fluxes were shown by Kim et al. for a plasma-assisted ALD reactor with a remote capacitively coupled plasma. 11 In this reactor configuration, the plasma was generated between an electrode and a grid with a pulsed negative DC voltage applied to it. The substrate was placed downstream with respect to the grid. The authors reported on HfO 2 dielectric films with a decreased equivalent oxide thickness and an increased dielectric breakdown voltage.
Notwithstanding the fact that substrate biasing has been used for many years during plasma-processing techniques such as plasma-enhanced chemical vapor deposition (CVD) and plasma-enhanced physical vapor deposition (PVD), the impact of high-energy ions on thin films deposited by ALD is still largely unexplored. Since ALD is a different deposition method during which the sample is alternately exposed to the precursor and the plasma, it is interesting to study the influence of substrate biasing specifically for this deposition method.
This article discusses the implementation of substrate-tuned biasing and radio frequency (RF) substrate biasing in a remote plasma ALD reactor. The impact of substrate biasing on the ion energy distribution (IED) and the plasma properties are reported, as well as the effects of substrate biasing during plasma-assisted ALD of metal-oxides. The results demonstrate that substrate biasing is a promising technique to tailor the material properties of thin films synthesized by plasma-assisted ALD.
II. THEORETICAL ASPECTS
A. Ion-bombardment during plasma processing Processing plasmas are typically generated by supplying AC electrical power (mostly at RF, 13.56 MHz) to a gas, which leads to the acceleration and heating of electrons. The hot electrons are able to dissociate, ionize, and excite gasphase species during the collisions they undergo. The density of these electrons is equal to the density of ions, when looking at length scales larger than the Debye length (i.e., the screening length of the charge carriers, typically 10
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À3 m for remote plasma ALD conditions) and when the presence of negative ions can be neglected. However, between the plasma and a surface, a positive space charge layer builds up because the thermal velocity of the electrons is much higher than the thermal velocity of the (much heavier) ions. The voltage across this so-called plasma sheath is such that the flux of ions and electrons is balanced by retarding electrons and accelerating ions. 3, 5 This means, for example, that for a floating substrate the net electrical current to electrically floating surfaces in contact with the plasma is zero. In the case of a collisionless plasma sheath, the pressure in the reactor is sufficiently low to prevent collisions between ions and neutral gas species in the plasma sheath. Consequently, ions are accelerated over the full sheath and the ion energy, E ion [expressed in eV], at the substrate surface is given by
where e is the electron charge, V sheath is the voltage across the plasma sheath, V plasma is the plasma potential, and V subs is the substrate potential. For a grounded substrate stage (i.e., V subs ¼ 0 V), the sheath voltage is equal to the plasma potential. The equation furthermore illustrates that the energy of the ions can be increased by applying a voltage to the substrate stage that is, on average, negative. Usually this negative bias voltage is applied using DC, AC, RF, or more complex signals. 4, 12 B. Substrate-tuned biasing and RF biasing Substrate-tuned biasing (or substrate-tuning) is a technique to vary the voltage across the plasma sheath at the substrate stage, without the need for an external bias source. The mechanism behind this technique is the tuning of the impedance between the substrate stage and the ground, using an external electrical circuit. 13, 14 In Fig. 1 , a remote plasma ALD reactor equipped with substrate-tuned biasing is shown. The electrical circuit of real and equivalent components in the setup is also drawn in this figure, which makes it possible to evaluate the substrate-tuned biasing technique electrically. In Table I , the components are summed up and described, while a more detailed description is given in this section.
The electrical power used to generate the inductively coupled plasma (ICP) plasma is provided by a RF (13.56 MHz) power supply. The power source is connected to the ICP coil through a L-type matching network with two variable capacitors C i1 and C i2 , designed to match inductive loads. The inductive coupling of the power is represented by a transformer, where L ic is the five-turn Cu coil wrapped around the dielectric tube on top of the reactor and L p accounts for the induced electron current, which generates the plasma. ICP sources are typically nonideal, and electrical power is also partly capacitively coupled through C cc , which is the capacitance across the walls of the dielectric tube. The resistors R pi and R pc represent the dissipation of electrical power by the plasma, whereas C sd , C sw , and C ss denote the plasma sheath capacitances between the plasma and the dielectric tube, the plasma and the grounded reactor wall, and the plasma and the substrate stage, respectively. Furthermore, the parasitic capacitance present between the substrate stage and the reactor walls is represented by C ps . A matching network, designed to match capacitive loads using two Table I ). A matching network is connected to the substrate stage to control the substrate potential by substrate-tuned biasing. The corresponding RF power supply can additionally be connected to the matching network at nodes "(a)" and "(b)" for RF biasing. The substrate stage can be electrically grounded by closing the switch. The impedance of the substrate-ground branch (i.e., the current path from the plasma to the ground via the substrate stage), Z subs , and the impedance to the wall, Z wall , determine the RF current flow to the substrate, i s , and the RF current flow to the wall, i w . These currents can be expressed as
and
where
X subs is the reactance of the substrate-ground branch, i.e., the imaginary part of Z subs , and C b is assumed C b1 þ C b2 . The higher i s , the higher the average voltage across the plasma sheath at the substrate, V ss,avg , will become to keep the net flux of ions and electrons to the substrate zero. For V ss,avg > V plasma , the average substrate voltage, V subs,avg , will be negative [see Eq. (1) 
where Q ss is the charge in the plasma sheath at the substrate, A is the substrate stage area, t ss is the sheath thickness at the substrate, e 0 is the vacuum permittivity, n e is the electron density, k is the Boltzmann constant, and T e is the electron temperature [expressed in (eV)].
The impedance of the substrate-ground branch, Z subs , can be tuned by varying C b . For relatively low values of C b , the value of Z subs is negative (i.e., the impedance is capacitive). An increase of C b will decrease Z subs (i.e., less negative) and increase i s . Consequently, V ss will increase in order to balance the fluxes of ions and electrons to the substrate stage. According to Eq. (4), an increase of V ss will decrease C ss (assuming that n e and T e remain relatively constant) and Z subs will then increase (i.e., more negative), thereby stabilizing V ss .
Therefore, V ss can be controlled continuously by varying C b , as long as Z subs is negative (i.e., for every value of C b there is a V ss ). V ss is at its maximum when Z subs ¼ 0 X, which is when the substrate-ground branch is in series resonance. For values of C b higher than for the resonance condition, Z subs is positive (i.e., the impedance is inductive). An increase of C b will increase Z subs (i.e., more positive), V ss will decrease and C ss will increase. Because an increase in C ss will increase Z subs (i.e., more positive) even more, no stable situation will be reached and Z subs will keep increasing. i s will become low and, consequently, V ss will also be low.
In order to allow for the use of the substrate-tuned biasing technique, the components and variables in Eqs. (4a) and (4b) should have values such that Z subs can be tuned to values (significantly) lower than Z wall . If, for example, the substrate stage area, A, is too large, then C ss is too large and Z subs is positive (i.e., the impedance is inductive) for the full tunable range of C b and, consequently, V ss cannot be controlled. In this situation, or when the maximum V ss obtainable by substrate-tuned biasing is not sufficient for a specific application, an external RF power source can be used. This power source is connected to nodes (a) and (b) in Fig. 1 . By supplying RF power to the substrate, i s can be controlled and, as a result, V ss can be increased. RF biasing is addressed extensively in the literature, for example, the reader is referred to Refs. 3-5.
III. EXPERIMENT A. Plasma-assisted ALD reactor
All experiments were carried out in the home-built remote plasma ALD reactor, as schematically illustrated in Fig. 1 . 16 The ICP source mounted on top of the reactor was used to generate plasmas in gases such as Ar, H 2 , N 2 , O 2 , and NH 3 , which were supplied via the dielectric tube. The base pressure of the system was $10 À6 Torr, which was achieved by using a rotary vane pump and a maglev turbo molecular pump. Typical values for the gas pressure and the ICP power were 7.5 mTorr and 200 W, respectively. For some of the experiments reported in this article, however, ICP powers up to 550 W were used, during which the ICP coil was cooled by an additional air flow. The substrate temperature was monitored by a thermocouple connected to the substrate stage and controllable up to 400 C by a proportional-integral-differential controller (PID controller). The temperature of the reactor walls (typically 80 C), the precursor containers (up to 100 C, depending on the precursor), and the corresponding precursor lines (typically 15 C higher than the precursor container, to prevent precursor condensation in the lines) were individually controlled by temperature regulators. The system hardware was operated using a National Instruments compact Fieldpoint programmable automation controller and in-house developed LabVIEW software.
B. Substrate-tuned biasing and RF biasing
In order to have the possibility to apply a bias voltage to it, the substrate stage was electrically isolated from the grounded reactor wall using ceramic insulators. A flange with two electrical feed-throughs was connected to the reactor, where one was connected to a L-type matching network, whereas the other was connected to an oscilloscope via a 100:1 probe to measure the substrate bias voltage. During the experiments, C b1 and L b , present in the matching network, were kept constant at 136 6 7 pF and 1.5 6 0.1 lH, whereas C b2 was varied between 173 6 9 and 932 6 47 pF. The capacitances and self-inductance were measured using a LC-meter. It was furthermore possible to electrically ground the substrate stage through a switch.
During plasma exposure with substrate-tuned biasing or RF biasing enabled, the power supply to the resistive heating element integrated in the substrate stage was temporarily disabled by a relays. This was essential, as the additional impedance from the power source of the heater prevented the use of the substrate-tuned biasing technique for high substrate bias voltages. Since relatively short plasma exposures are usually required during the ALD deposition process (several seconds at maximum, which is typically 25% of the cycle time), the substrate temperature was hardly affected by temporarily disabling the substrate heating. The latter was also facilitated by the well-calibrated PID temperature controller.
A home-built double Langmuir probe with Pt tips was aligned at approximately 1 cm above the substrate stage to measure IV-curves from which the electron temperature, T e , and the electron density, n e , were calculated using the method described by Peterson and Talbot. 17 The signal was filtered by a LC electrical network to remove unwanted RF components. For the ion energy and ion flux measurements, an Impedans Semion retarding field energy analyzer (RFEA) was employed, placed on the substrate stage. 18 Optical emission measurements were performed using an OceanOptics UBS4000-UV-VIS spectrometer (200-850 nm wavelength range) through a quartz window, aligned at approximately 1 cm above the substrate stage. 19 It is noted that it was verified that the plasma did not significantly heat the samples during the deposition process using a thermocouple connected to the substrate stage.
C. Thin film deposition and characterization
The effects of substrate-tuned biasing and RF substrate biasing were evaluated for Al 2 O 3 , Co 3 O 4 , and TiO 2 thin films deposited by plasma-assisted ALD. In the case of a grounded substrate, the switch in Fig. 1 was closed. Substrate-tuned biasing was used for bias voltages of À50 and À100 V and RF biasing was employed for À150 and À200 V (see Sec. IV A for more details on these choices). During the plasma exposure step, the power supply to the substrate heater was switched off, to allow for a substrate bias signal to be applied to the substrate stage (see Sec. III B). During deposition of the metal-oxide films, O 2 [>99.999% purity] was provided through the quartz tube continuously, as none of the precursors showed a reaction with O 2 gas at the conditions employed. The operating pressure was 7.5 mTorr and 200 W ICP power was supplied during the second half-cycle of the deposition process. Unless noted otherwise, 1 Â 1 in. substrates with $2 nm native oxide cut from n-type c-Si (100) wafers with resistivity 10-20 X cm have been used.
For the deposition of Al 2 O 3 , trimethylaluminium [AlMe 3 , purity 99.99%, purchased from Akzo Nobel] was used as the precursor. 20 The precursor container was not heated and no Ar bubbling was required, as the vapor pressure of AlMe 3 was sufficiently high at room temperature. The precursor dose time, precursor purge time, plasma dose time, and plasma purge time were set to 50 ms, 3 s, 2 s, and 3 s, respectively. 3 , purity >99%, donated by Air Liquide] was used as the precursor. 22 The bubbler was heated to 78 C, and Ar bubbling was used. During processing, all dose and purge times were set to 5 s. TiO 2 films of approximately 30 nm thick were deposited at 300 C. Several techniques were used for the characterization of the thin films properties. The film thickness was measured ex situ by spectroscopic ellipsometry (SE) using a J.A. Woollam M2000D rotating compensator ellipsometer and CompleteEASE software. As proposed by Langereis et al., a Cauchy oscillator was used for the optical model of Al 2 O 3 , whereas two Tauc-Lorentz oscillators were used to parameterize TiO 2 .
23 For the optical model of the Co 3 O 4 films, a combination of a Gauss, a Tauc-Lorentz, and two Lorentz oscillators was used, as reported by Donders et al. 21 The mass density and the crystallinity of the films were determined by x-ray reflectometry (XRR) and grazing-incidence x-ray diffraction (GI-XRD), respectively. For both techniques, PANalytical's X'Pert PRO MRD system was used. The composition of the Al 2 O 3 and Co 3 O 4 films was studied by x-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-Alpha KA1066 spectrometer. Additionally, wafer-curvature tests were carried out at room temperature with a kSA MOS Ultra-Scan system to determine the curvature of 4 in. wafers before and after deposition of the Al 2 O 3 films. From the difference in curvature, the stress of the Al 2 O 3 films was calculated using the Stoney equation. 24 
IV. RESULTS
A. Substrate-tuned biasing and RF biasing
In Fig. 2(a) , the substrate-tuned bias voltage, V subs , is displayed as a function of time, and in Fig. 2(b) , the corresponding IEDs are shown. The voltage waveforms were measured by an oscilloscope for various settings of C b2 . The frequency of the voltage signals is 13.56 MHz, which is equal to the frequency applied to the ICP source. Also the voltage signal for which the substrate stage was electrically grounded (i.e., the switch in Fig. 1 is closed and V subs ¼ 0 V) is included. In all cases, the average substrate voltage, V subs,avg , (also referred to as the DC-self bias voltage) is negative and has a value for which the net flux of ions and electrons to the substrate stage is zero within one RF cycle. Most of the time, the substrate voltage is negative, and ions are accelerated toward the substrate stage. During a short fraction of the RF cycle, however, the bias signal approaches the positive plasma potential, and a flux of electrons is incident on the substrate. The IEDs demonstrate that the ion energy increases when the bias voltage is increased. When the substrate stage is electrically grounded, the IED is monomodal and E ion ¼ 53 6 1 eV, from which it can be deduced that V plasma is 53 6 1 V. When a substrate-tuned bias voltage is applied, the ion energy distribution becomes bimodal. The average ion energy, E ion,avg , remains approximately equal to eÁ(V plasma À V subs,avg ), which indicates that V plasma stays relatively constant [see also Eq. (1)]. When a substrate-tuned bias voltage is applied, the ion energy distribution width, DE ion , increases as the ion transit time through the plasma sheath is smaller than the RF cycle time. [3] [4] [5] Consequently, the ions respond to the voltage across the sheath at the instant they pass the sheath, and for that reason, some ions obtain more energy than others, resulting in a bimodal IED. When a substrate-tuned bias voltage of À200 V is applied, E ion,avg is 246 6 1 eV and DE ion is 52 6 1 eV, with minimal and maximum energies of 219 6 1 and 272 6 1 eV, respectively. The ion flux has been determined from the ion current measured by the RFEA and its value is (1.7 6 0.1) Á 10 14 cm À2 s À1 for a grounded substrate stage, whereas it decreases slightly to (1.0 6 0.1) Á 10 14 cm À2 s À1 for an average bias voltage of À200 V.
Data illustrating the relation between V subs,avg and C b2 are shown in Fig. 3(a) , obtained by gradually increasing C b2 from its minimum to its maximum value for different ICP powers. For values of C b2 lower than a certain threshold value, V subs,avg increases in magnitude (i.e., its value becomes more negative) with increasing C b2 . The impedance of the substrate-ground branch is negative, and consequently, there belongs a V subs,avg for every value of C b2 , as long as C b2 stays below the threshold value (see Sec. II B). For values of C b2 higher than the threshold value, V subs,avg decreases rapidly in magnitude and eventually becomes positive when the impedance of the substrate-ground branch has become relatively high. The maximum attainable V subs,avg increases with increasing ICP power as a result of enhanced capacitive coupling of power into the plasma at higher powers (i.e., i c in Fig. 1 increases) . 14 The threshold value for C b2 is affected by the ICP power as well, because the substrate sheath capacitance, C ss , is a function of n e [see Eq. (4)]. Although not shown, it is noteworthy that the maximum V subs,avg will be found for a different C b2 , when the capacitor value is decreased from its maximum value to its minimum value. This is due to the nonlinear behavior of the substrate-ground branch with respect to variations in V ss , T e , and n e .
IEDs have also been measured for plasmas generated in Ar, O 2 , N 2 , and H 2 for substrate-tuned bias voltages of À25 and À50 V, at an ICP power of 200 W and a gas pressure 7.5 mTorr. According to the literature, the dominant ions in plasmas operated under the present conditions are Ar þ , O 2 þ , N 2 þ , and H 3 þ , respectively. [24] [25] [26] For each IED, DE ion is derived and plotted in Fig. 4 against the root of the reciprocal ion mass. DE ion is higher for ions with a lower mass, because these ions have a higher velocity and therefore a lower ion transit time. Although DE ion is also affected by possible variations in T e and n e with changing plasma gases, such 01A106-5 Profijt, van de Sanden, and Kessels: Substrate-biasing during plasma-assisted ALD 01A106-5
JVST A -Vacuum, Surfaces, and Films variations are probably minor as the data points can be fitted well by a linear curve 5 for each bias voltage. The influence of substrate-tuned biasing on the electron temperature T e and the electron density n e has also been investigated. Plots illustrating the relation between V subs,avg and T e and n e are shown in Figs. 5(a) and 5(b). For a grounded substrate stage, T e is 2.9 6 1.0 eV and n e is (2.6 6 0.5) Á 10 9 cm
À3
at 100 W ICP power. Data are also given for higher ICP powers. Evidently T e is hardly influenced by the power, whereas n e increases to (4.6 6 0.9) Á 10 9 cm À3 when the power is increased to 550 W, as expected for inductively coupled plasmas. 3 When the substrate-tuned bias voltage is increased, T e increases from 2.9 6 1.0eV at 0V to 5.96 1.0 eV at À200 V, when the power is 550 W. The increasing value of T e indicates that the plasma becomes more ionizing at the substrate level as a result of enhanced capacitive coupling. The electron density is affected by the substrate-tuned bias voltage as well, as it decreases from (4.6 6 0.9) Á 10 9 cm À3 at 0 V to (1.4 6 0.3) Á 10 9 cm À3 for À200 V, at a plasma power of 550 W. The decrease in the ion density can explain for the decrease in the ion flux with increasing bias voltage.
Also the plasma emission has been monitored. The integrated optical emission spectrum (200-850 nm range) is plotted against the substrate-tuned bias voltage in Fig. 6 . Data are given for different ICP powers, and as illustrated, the integrated optical emission intensity increases with increasing ICP power. This originates from an increase in n e with the ICP power, resulting in a higher number of electron-induced excitation reactions. The optical emission intensity also increases with V subs , despite the fact that n e showed to decrease with V subs in Fig. 5(b) . The emission intensity is enhanced because the excitation rate of the atoms and molecules in the plasma is highly affected by T e [as shown in Fig. 5(a) ], which increases with V subs . The increase in emission intensity as a function of the ICP power and the bias voltage can also be confirmed by observations made by the naked eye, as exemplified in the photograph in the inset of Fig. 6 . An increased emission intensity around the substrate stage for increased bias voltages has also been reported by Smets et al. in a remote expanding thermal plasma (ETP) setup used for plasma-enhanced CVD of a-Si:H. 27 As discussed in Sec. II B, RF biasing can be used to obtain higher substrate bias voltages than achievable with substrate-tuned biasing only. In Fig. 7 , V subs,avg is plotted as a function of the RF bias power for both the substrate-tuned biasing and the RF biasing techniques. The plasma is generated in O 2 employing an ICP power of 200 W and an O 2 pressure of 7.5 mTorr. As shown, the maximum obtainable V subs,avg with substrate-tuned biasing for this ICP power is À116 V. With the RF bias source connected to the matching network, the maximum attainable substrate-tuned bias voltage decreases to À75 V. This is a result of a change in the In Fig. 8(a) , the growth per cycle (GPC) and mass density of the films are shown as a function of the average bias voltage. For a substrate bias voltage of 0 V, the GPC is 1.46 6 0.05 Å , and the film density is 2.9 6 0.1 g Á cm
. The growth per cycle increases to 1.55 6 0.05 Å and 1.57 6 0.05 Å for bias voltages of À100 and À200 V, respectively. The mass density, however, shows a decreasing trend with increasing bias voltage, which might explain for the increased growth rate. At À100 V bias voltage, the mass density is 2.7 6 0.1 g Á cm
, and at À200 V, the mass density has decreased to 2.6 6 0.1 g Á cm
. According to the compositional data obtained by XPS, the film that has been deposited at 0 V is virtually stoichiometric with an [O]/[Al] ratio of 1.51 6 0.05 and no observable amount of C in the bulk. For substrate bias voltages of À100 and À200 V, the [O]/[Al] ratio increases to 1.55 6 0.05 and 1.56 6 0.05, respectively, as a result of excess hydroxyl groups into the films. Furthermore, a C content of 0.5 at. % has been measured for the film deposited at À100 V, whereas the C content is 0.6 at. % for the film deposited at À200 V. The C incorporated in the films is expected to originate from the methyl ligands in the precursor which have been decomposed by the impact of high-energy ions from the plasma. The Al 2 O 3 films are amorphous for the full range of bias voltages employed. Figure 9 shows the residual stress of the Al 2 O 3 films on the Si substrates for substrate temperatures of 25 and 200 C. In the absence of a substrate bias voltage, a residual stress of C and most likely induced by the ions from the plasma. 9 For the film deposited at 200 C, however, a tensile residual stress has been measured which agrees with the results reported by Puurunen et al. for Al 2 O 3 films deposited by thermal ALD. 28 The tensile stress most likely originates from the difference in thermal expansion coefficients of the Si substrate and the Al 2 O 3 film, 29, 30 however, the stress might also be partly present in the Al 2 O 3 layer itself. When the substrate bias voltage is increased, the stress in the film deposited at 200 C becomes compressive and the stress values become comparable to what has been measured for the film deposited at 25 C. This might indicate that the impact of ions on the film stress has become stronger than the effect of the elevated substrate temperature. The magnitude of the compressive stress C. Substrate-tuned biasing was employed for 0 to À100 V (circles), whereas 14 and 24 RF substrate biasing was applied to obtain substrate bias voltages of À150 and À200 V (stars).
decreases with increasing bias voltage for both deposition temperatures, probably because the stress relaxes as a result of the reduced film density. At À200 V, residual stress values of À291 6 25 MPa and À301 6 25 MPa have been found for the films deposited at 25 and 200 C, respectively. Nonstoichiometric Al 2 O 3 films with a reduced mass density are probably of limited interest, as generally high quality dielectric films are required. The fact that the stress in the films allows to be tailored from tensile to compressive, however, may be of interest for applications in the mechanical domain or when the films serve as protective layers.
Co 3 O 4 films
The GPC and mass density of the Co 3 O 4 films are illustrated in Fig. 8(b) and show a different trend than for Al 2 O 3 . When the bias voltage increases, the GPC decreases while the mass density increases. Only the data point for the mass density obtained for À200 V deviates from this trend. For a grounded substrate stage, the GPC and mass density were found to be 0.56 6 0.05 Å and 6.0 6 0.1 g cm
À3
, respectively, which agrees well with the values reported by Donders et al. 20 When the bias voltage is increased to À100 V, the growth per cycle decreases to 0.51 6 0.05 Å and the film density increases to 6.1 6 0.1 gÁcm
. At a bias voltage of À175 V, the mass density of the films has been found to be 6.3 6 0.1 g cm
, which is the highest value found within the range of bias voltages. For À200 V, the growth per cycle further decreases to 0.44 6 0.05 Å , however, the mass density for this film does not fit the trend and drops to 6.0 6 0.1 g cm À3 , which is approximately equal to the case with a grounded substrate. For the film that has been deposited at À200 V, it is hypothesized that the impact of high-energy ions has led to removal of material by sputtering, which might explain for the reduced mass density. Stoichiometric Co 3 O 4 films with no detectable amount of C were obtained for a grounded substrate stage. The films deposited at À100 and À200 V, however, are slightly oxygen-deficient ([O]/[Co] ratio ¼ 1.25 6 0.05 for both samples), while no C has been observed. The Co 3 O 4 films are polycrystalline for every substrate bias voltage. For more details on the GI-XRD results, the reader is referred to Ref. 21 .
For many materials, the electrical, mechanical, optical, or catalytic properties improve when the mass density is higher. Therefore, these results reveal that substrate-biasing may be of interest for many more materials than Co 3 O 4 .
TiO 2 films
For TiO 2 , a GPC of 0.41 6 0.05 Å has been measured for the films deposited without a substrate bias, which is $24% lower than the GPC reported by Langereis et al. 21 The GPC increases for an increasing bias voltage and at À100 and À200 V, GPCs of 0.45 Å and 0.57 Å are obtained. In Fig. 10 , XRD spectra are shown for TiO 2 films deposited with average bias voltages of 0, À100 and À200 V. In the absence of substrate biasing, the XRD spectrum shows the (101), (004), (200), (105), and (211) diffraction peaks which belong to anatase TiO 2 . When the bias voltage is increased, however, most peaks corresponding to the anatase phase disappear and two new diffraction peaks, i.e., (110) and (211), appear in the spectrum which correspond to the rutile phase. At À200 V, the anatase peaks have disappeared, and only peaks corresponding to the rutile phase are visible. The change in the crystalline phase with a variation in the bias voltage was also previously reported for TiO 2 deposited in the same remote plasma ALD reactor using Ti(Cp Me )(NMe 2 ) 3 and O 2 plasma. 10 That study also showed that the film density decreased with $10% as a result of the impact of high-energy ions, an effect that is also expected to be (partly) responsible for the higher GPC observed in this study.
The results reported for TiO 2 show that it is possible to obtain the rutile phase of TiO 2 at 300 C, whereas usually amorphous or anatase TiO 2 is obtained unless specific starting layers or postdeposition annealing is employed.
V. CONCLUSIONS
Substrate-tuned biasing and RF biasing have been implemented in a remote plasma reactor to control the ion energy during thin film deposition by plasma-assisted ALD. Using the substrate-tuned biasing technique, the impedance between the substrate stage and the ground has been tuned and, consequently, the substrate bias voltage could be controlled. With the RF substrate biasing technique, an additional power source is connected to the substrate stage via a matching network to control the voltage at the substrate stage. The maximum average substrate-tuned bias voltage has been shown to scale with the ICP power and is À125 V for 200 W and À200 V for 550 W. When the average substrate bias voltage is À200 V, the maximum ion energy is 272 eV. The influence of substrate-tuned biasing on the electron density, the electron temperature, and the optical emission of the plasma has been studied. Alternatively, for FIG. 10 . (Color online) X-ray diffraction spectra for TiO 2 films deposited with bias voltages ranging from 0 to À200 V. Substrate-tuned biasing was employed for 0 to À100 V, whereas 24 W RF substrate biasing was applied for to obtain a substrate bias voltage of À200 V. Peaks corresponding to the anatase and rutile crystalline phases are denoted with "A" and "R," respectively.
RF biasing at 24 W with 200 W ICP power the ion energy has been increased up to 272 eV.
The effects of substrate biasing on the material properties have been demonstrated for Al 2 O 3 , Co 3 O 4 , and TiO 2 deposited by plasma-assisted ALD. The ion-induced effects have turned out to be material and/or process-specific. For Al 2 O 3 , it has been found that the growth per cycle increased while the mass density decreased with higher bias voltages. This effect is expected to originate from increased incorporation of OH groups and C impurities into the films. It has also been shown that the residual stress of Al 2 O 3 films on Si can be tailored from the tensile to the compressive regime by controlling the substrate bias voltage. For Co 3 O 4 , the growth per cycle decreases and the film density increases for higher bias voltages, as the films become slightly oxygen-deficient. Using substrate biasing, the crystalline-phase of TiO 2 films can be tailored gradually from anatase to rutile. This effect may be of interest for a variety of applications as it is not trivial to obtain as-deposited rutile TiO 2 by (plasma-assisted) ALD.
The results reported in this article demonstrate that the material properties of thin films synthesized by plasmaassisted ALD can be tailored by enhancing the ion energy using substrate biasing. Improved control over the ion energy distribution may, however, be beneficial to tailor ioninduced effects even more precisely. Bias signals that result in narrower ion energy distributions, e.g., those with higher frequencies or pulsed signals are of interest. Alternatively, the bias signal can be ramped up or down, and the timing can be varied such that substrate biasing is only enabled during part of a plasma exposure step or only during every couple of cycles. It can finally also be of interest to decouple the physical and chemical effects of the plasma exposure step, for example, by first exposing the sample to a reactive plasma (e.g., O 2 plasma) with substrate biasing disabled and subsequently to a noble gas plasma with substrate biasing enabled. These are probably just a few of the many possibilities that exist to gain more control over the ALD process and the film properties obtained.
